The most studied secondary neural organizer is the isthmic organizer, which is localized at the mid-hindbrain transition of the neural tube and controls the anterior hindbrain and midbrain regionalization. Otx2 and Gbx2 expressions are fundamental for positioning the organizer and the establishment of molecular interactions that induce Fgf8. We present here evidences demonstrating that Otx2 and Gbx2 have an overlapping expression in the isthmic region. This area is the transversal domain where expression of Fgf8 is induced. The Fgf8 protein produced in the isthmus stabilizes and up-regulates Gbx2 expression, which, in turn, down-regulates Otx2 expression. The inductive effect of the Gbx2/Otx2 limit keeps Fgf8 expression stable and thus maintains its positive role in the expression of Pax2, En1,2 and Wnt1. q
Introduction
In the last few years an increasing interest has been observed in the role of local signaling centers in neural regionalization and patterning. These neuroepithelial areas, also called secondary organizers, are localized in speci®c boundary regions and induce morphogenetic instructions and polarity properties in the surrounding neural domains. This effect acts normally by planar interactions inside the neuroepithelial sheet (Martõ Ânez et al., 1991; Ruiz i Altaba, 1998; Martõ Ânez and Simeone, 1999) . The earlier event of neural induction and initial patterning in the pre-speci®ed dorsal ectoderm (Streit et al., 2000) is controlled by vertical induction from the axial mesoderm organizer (primary organizer), during the process of gastrulation (Beddington and Robertson, 1999; Martõ Ânez and Simeone, 1999) .
Two local secondary organizers have been identi®ed: one at the anterior neural ridge (Shimamura and Rubenstein, 1997; Rubenstein et al., 1998; Houart et al., 1998) and the other at the junction between the prospective midbrain and hindbrain areas of the neural tube, also known as the isthmic organizer (Martõ Ânez et al., 1991; Marin and Puelles, 1994 ; reviewed by Alvarado-Mallart, 1993; Wassef and Joyner, 1997; Joyner, 1996; Martõ Ânez, 2001 ).
Several experimental works have analyzed some molecular events which underlie the morphogenetic activity and the speci®cation of the isthmic organizer (IsO) . It has been demonstrated that the isthmic neuroepithelium can induce midbrain development in caudal diencephalon, after heterotopic grafts between chick and quail embryos (Martõ Ânez et al., 1991; Bally-Cuif and Wassef, 1994; Marin and Puelles, 1994) . Recently, it has been suggested that Fgf8 (a member of the Fibroblast Growth Factor family) is the key molecule for this inductive effect. We have previously demonstrated that insertion of Fgf8-containing beads in the caudal diencephalon reproduced the inductive effects observed in grafting experiments (Crossley et al., 1996) . The ectopic localization of Fgf8 induced a heterochronic and heterotopic development of a new organizer region through the reproduction of the isthmic developing events and the expression patterns that characterize the organizer (Crossley et al., 1996; . Fgf8-beads can induce ectopic expression of the Fgf8 in the caudal diencephalon and mesencephalon by directly or indirectly repress Otx2 in the cells around the bead . This is the suggested mechanism for the localization of the caudal boundary of Otx2 at the level of the caudal mesencephalon (Broccoli et al., 1999; Hidalgo-Sanchez et al., 1999; Millet et al., 1999) . In addition Gbx2, which is expressed very early in the rostral part of the hindbrain, has a prominent role in the isthmic organizer development since the Gbx2 mutant mice do not develop this region (Wassarman et al., 1997) . Both genes, Gbx2 and Otx2, have opposite roles in hindbrain and midbrain development respectively, but complementary activity in the localization of the isthmic organizer and, therefore, in the positioning of Fgf8 expression (Accampora et al., 1997; Broccoli et al., 1999; Hidalgo-Sanchez et al., 1999; Millet et al., 1999; Shamin and Mason, 1998; Katahira et al., 2000) .
The role of Fgf8 in the development of the organizer at the isthmic region has now become clearer due to several experimental data obtained from the study of Fgf8 mutant mouse (Meyers et al., 1998) , chick experimental embryology (Crossley et al., 1996; Shamin et al., 1999; Irving and Mason, 2000) and zebra®sh mutants (Brand et al., 1996; Reifers et al., 1998) . It is accepted that the caudal limit of Otx2 expression is a fundamental element in Fgf8 induction and IsO localization, but the role of Gbx2 in this process and its possible early interaction with Otx2 has achieved controversial results so far (Wassarman et al., 1997; Hidalgo-Sanchez et al., 1999; Lui et al., 1999) . We can conclude that after the reported works, the espatio-temporal pattern of molecular interactions that localize the Otx2/Gbx2 boundary and induce Fgf8 in the IsO at early stages of development is still poorly understood. The possibility of co-localization of Gbx2 and Otx2 in neuroepithelial cells, before the mutual exclusion and boundary formation, suggested in the study of HidalgoSanchez et al. (1999) , has not been speci®cally assessed in previous studies.
In the present work we have analyzed the heterochronic and heterotopic induction of an isthmic organizer by Fgf8-bead insertion. This procedure appears as an interesting experimental model to explore the interaction between Otx2, Gbx2 and Fgf8, in order to establish the regulative molecular pattern for the initial events in the IsO development.
Results

Gbx2 and Otx2 expressions in chicks
Chick embryos were ®xed for`in toto' double in situ hybridization, by using a red substrate to detect Otx2 transcripts and a blue substrate to detect Gbx2 transcripts in the developing neural tube (Figs. 1 and 2 ). Ten embryos were processed for each stage of Hamburger and Hamilton (1951) (designed by HH) between stages HH7 and HH24. We have observed at stages HH7-8 the normal expression pattern of Otx2 and Gbx2 in rostral and caudal domains, respectively, of the cephalic neural plate (Fig. 1a) . These domains, initially are separated by a negative neuroepithelial gap, approach each other until contact and, at stage HH9, show an overlapping expression in the mid-hindbrain neuroepithelium (Fig. 1b) . We have followed how the decreasing gradients of both genes progressively advance into the negative area, where the two genes are then up-regulated. Thus, Otx2 and Gbx2 expression progress to ®ll the negative domain and, then, invade the neuroepithelium where each gene is weakly expressed to generate the co-expression area. The neuroepithelial co-expression of Otx2 and Gbx2 is observed in this transversal band, which correspond to the strongest immunodetection of En2 protein (Fig. 1d) , and to the region where itshmic Fgf8 transcripts are ®rst detected (Fig. 1c,d ). This co-expression disappears at HH14±15 and both Otx2 and Gbx2 domains become mutually excluded and complementary (Fig. 2g) . Otx2 expression progressively decreases in Gbx2 expressing cells from stages HH9 to HH14±15. In Fgf8 expressing cells, in which Otx2 had previously been down-regulated, Gbx2 increases. During this process the caudal limit of Otx2 becomes clearly de®ned and the localization of IsO is speci®ed at this level.
Ectopic induction of Gbx2 in an Otx2 expressing domain in chick embryos
To better explore the possible interactions between Gbx2, Otx2 and Fgf8 genetic products, we have used the model of the experimental induction of an IsO after Fgf8-beads insertion, in a rostral ectopic localization. From our previous works, we know that 24 h after the experimental manipulation, Fgf8-beads induced Fgf8 expression when inserted in an Otx2 expression domain (Crossley et al., 1996; Fig. 2a) . We have reproduced this type of experiments and, then, studied the temporal changes that occur in host genetic expressions; interestingly, these changes occur previous to the induction of Fgf8 and the development of the ectopic organizer.
The ®rst detected event was the induction of Gbx2 in the cells touching the bead, 12±14 h after of bead insertion. In these experimental cases the induced Gbx2 was coexpressed with Otx2 in cells around the bead (four inductions/eight cases; Table 1 ; Fig. 2b±g ). Both genes were coexpressed for 1±3 h in a domain, which expanded by the normal proliferative process of the neuroepithelium. At 15 h after surgery the expression of Otx2 was repressed in the area where Gbx2 was induced (four repressions/four cases; Table 1 ; Fig. 2h,i) . Here a new Gbx2/Otx2 ectopic interactive border appeared, and in the next 7±9 h (22±24 h after bead insertion) Fgf8 was detected in the Gbx2 expressing domain (four inductions/seven cases; Table 1 ; Fig. 2j ). In our experimental embryos we never detected a negative neuroepithelial area between Otx2 and Gbx2 expressing . Midbrain is labeled in red and hindbrain in blue. (g) Dorsal view of an experimental sample ®xed at 15 h after Fgf8-bead insertion (the bead has been internalized and is visible ± asterisk). The ectopic expression of Gbx2 is observed in the epithelium in contact with the bead (arrow). Arrowhead labels the anterior limit of normal Gbx2 expression. Otx2 has been detected in red. (h) Section of the case showed in (g) where the complementary expressions of Otx2 (red) and Gbx2 (blue) are detectable. Arrowhead labels the rostral limit of normal Gbx2 expression. (i) Flat-mount of the mid-hindbrain region where Fgf8-bead has been inserted at the mesencephalic caudal pole. 24 h later the repression of Otx2 was detected around the bead (asterisk labels the bead; arrows label the repression domain of Otx2). Arrowhead labels the normal limit of Otx2 expression. (j±l) are dorsal view of samples showing Fgf8 expression at 24 (j) and 36 (k,l) h after Fgf8 beads insertion. With the circular displacement of Otx2/Gbx2 contacting domain, Fgf8 expression is displaced as well. The distance between the bead and the Fgf8 expression domain increases within the time. Scale bar (d) 100 mm; for the rest of the panels is 250 mm. SP, secondary prosencephalon; OV, optic vesicle; D, diencephalon; M, mesencephalon; Is, isthmus; PrA, Pro-rhombomere A, r3, rhombomere 3; r1, rhombomere 1. domains. Fgf8 was never localized before 22 h after grafts (0 inductions/10 cases) whereas 55% of cases showed Fgf8 induction at 22 h, 66% at 24 h and 100% at 48 h (n 29; Fig. 2k ). The ectopic domain of Fgf8 expression was progressively separated from the central area of the bead insertion and, always, localized at the external border of the Gbx2 domain in contact with the ectopic limit of Otx2 expression (Fig. 2k,l) .
Ectopic induction of Gbx2 in mouse embryo explants
In order to study whether the observed molecular interaction for Fgf8 induction in chicks is conserved in mouse embryos, we have inserted Fgf8-soaked beads in neural tube explants from E9.5 mouse embryos. First, we con®rmed that spatial patterns of Otx2 and Gbx2 expressions were normally established in the neuroepithelial explants at 24 h ( Fig. 3 ) and 48 h (compare Fig. 4a,b with Fig. 4c,d ) of culture conditions. In addition, the expression of Fgf8 was normally detected in the isthmic area of the explants at 48 h of culture (Fig. 4e) . The experiments were performed by inserting the Fgf8-beads into the neuroepithelial layer of the mesencephalic region of the neural tube explants from E9.5 and E10.5 mouse embryos.
In E9.5 experimental explants we observed that after 24 h in culture and Fgf8-bead insertion the neuropithelium around the bead expressed Gbx2 ectopically (®ve of six cases; Table 2 ; Fig. 3b,c) . The level of Gbx2 transcript detection was stronger in the ectopic domain than in the normal isthmic region (Fig. 3a) and extended more dorsally than ventrally in the neuroepithelial wall (Fig. 3b,c) . The analysis of Otx2 transcripts in ten explants after 24 h in culture, showed that this gene is expressed in the cells that touch the bead and, therefore, is co-expressed with Gbx2 positive domain (Fig. 3d±f) . Forty-eight hours after culture the induced expression of Gbx2 in the cells around the beads was clear, but now a domain of Otx2 repression was observed (Fig. 4f,g ). The zone of Otx2 repression was more extensive dorsally than ventrally and, at this dorsal level a negative domain was observable between the Otx2 repression border and Gbx2 expression around the bead (Fig. 4f,g ). We have explored the possibility of Fgf8 induction in the cells around the bead but ectopic Fgf8 transcripts were never detected either at 24 or 48 h after Fgf8-bead implantation in the mesencephalic epithelium (n 5; data not shown).
In explants from E9.5 mouse embryos we have obtained inductive results in 18 cases out of 22 experiments (Table  2 ), but in explants from E10.5 embryos no effects were ever observed under the present conditions (ten negative cases out of ten experiments). This suggests that the potentiality of the mesencephalic epithelium to express Gbx2 induced by Fgf8 disappears at this stage in mouse. The ectopically induced Gbx2 is initially co-expressed with Otx2 and, as in the case with chick embryos, down regulates the expression of Otx2 in the co-expressing cells. We have never observed in the mouse neural explants the formation of a clear adjoining border between these two genes, as occurs normally in the isthmus.
Discussion
Fgf8 induces Gbx2 in rostral neuroepithelial domains
The molecular process of an ectopic IsO induction by Fgf8-bead insertion is initiated, at 12 h after bead insertion, by the induction of Gbx2 in the cells that touch the bead. This effect is observed before the repression of Otx2 (Martõ Â-nez et al., 1999) which has been observed 15 h after the insertion of the Fgf8-bead (see Fig. 5 ). This induction was detected in chick embryos`in ovo' and is conserved in mouse explants`in vitro'. In a recent paper Lui et al. (1999) have also reported the induction of Gbx2 in E9.5 mouse mesencephalic explants`in vitro' after Fgf8-bead insertion, but their experimental model does not enable them to recognize the explant topology. In our`in vitro' model we maintain the anatomy of the rostral neural tube and can easily recognize the topology of the structures in the explant. We have observed that the induction of Gbx2 is stronger and more extended in the dorsal zone than in the ventral zone of the neuroepithelium around the bead, suggesting that this induction is in¯uenced by dorso-ventral morphogenetic instructions. In addition our experiments`in ovo' have demonstrated Gbx2 induction by Fgf8-beads in physiological conditions, something which Lui et al. (1999) assumed in their recapitulative scheme but did not demonstrate (Fig. 8 in Lui et al., 1999) .
The ectopic induction of Gbx2 in close relation with the Fgf8-bead suggests that the lateral ectopic vesicle observed in experimental embryos in our previous work of Martõ Ânez Fgf8. (f,g) are two experimental explants with Fgf8-beads insertion where Gbx2 was induced (blue labeling) and Otx2 was repressed; more extensive repression was observed at the dorsal domains. Arrowheads label the isthmic region. Scale bar (a,b) 300 mm; (c±g) 25 mm. ZL, zona limitans; OS, optic stalk; fp,¯oor plate; cp, choroidal plexus; Otv, otic vesicle; cf, cephalic¯exure; cb, cerebellum; ov, optic vesicle. a The experiments in mouse explants are listed attending the gene regulation after the bead implantation. The time of survival after beads implantation and the positive cases versus total cases are also presented. 1, induction; 2, repression. rhombencephalic alar plate (Wassarman et al., 1997; Niss and Leutz, 1998; Shamin and Mason, 1998; HidalgoSanchez et al., 1999) . In the vesicle stalk an ectopic IsO was developed which induced a bilateral mesencephalic development. Therefore, in a medio-lateral direction, the antero-posterior topology of the different neural structures in¯uenced by the IsO (cerebellum, isthmus and mesencephalon) are ectopically reproduced (Martõ Ânez, 2001 ).
Otx2 and Gbx2 co-expression in the presumptive IsO neuroepithelium
The heterotopic localization of Fgf8 in a rostral Otx2 positive domain reproduced the molecular pattern which underlies the speci®cation of the IsO in the mid-hindbrain junction (Crossley et al., 1996; . Here this heterochronic model has clearly shown that Gbx2 and Otx2 can be co-expressed, during a period of 3 h, in neuroepithelial cells. It is here, in this co-expression domain, where the molecular events for the down regulation of Otx2 and, then, the induction of Fgf8 isthmic expression, are established. It has been suggested that the border between Otx2 and Gbx2 is the signaling center for the positioning of the IsO (Wassarman et al., 1997; Broccoli et al., 1999; HidalgoSanchez et al., 1999; Millet et al., 1999; Okafuji et al., 1999; Lui et al., 1999; Katahira et al., 2000; reviewed in Martõ Ânez, 2001) , but here we demonstrate that, before the establishment of this border, an intracellular interaction between the two genes occurs. In agreement with our observations, Hidalgo-Sanchez et al. (1999) reported that at HH10 it was dif®cult to exclude that some cells expressed Gbx2 and Otx2 at the border between the expression domains of these genes; they localized complementary and exclusive the two domains of expression at HH20. The repressive effect of Fgf8 in relation to Otx2 expression in the Fgf8 sensitive domains has been demonstrated previously (Martõ Â-nez et al., 1999) . Lui et al. (1999) suggested that this regulation was mediated by Gbx2. Here we have observed that Gbx2 and Otx2 interaction occurs in the cells where the two genes are expressed. Consequently, this possibility of an intracellular initial step of interaction between Otx2 and Gbx2 gene products, may control the proposed intercellular mechanisms between these two genes Millet et al., 1999; Broccoli et al., 1999; Hidalgo-Sanchez et al., 1999) .
The co-expression of Gbx2 and Otx2 in neuroepithelial Fig. 5 . Proposed model for the time course expression of Otx2, Gbx2 and Fgf8 genes in the normal isthmic organizer. The schema summarizes the results obtained for the normal expression of these genes in the isthmic region (IsO) and the ectopic pattern of gene expression after Fgf8-bead insertion (IsO*). After 13 h of bead implantation in a Otx2 positive territory the Fgf8 protein induces Gbx2 which is co-expressed with Otx2. Along the next 3 h, by an intracellular interaction, Gbx2 represses Otx2. Thus, a Gbx2/Otx2 ectopic boundary is generated, where Fgf8 transcripts will appear and will up-regulate Gbx2 around the bead. The inductive effect of the Gbx2/Otx2 limit will keep Fgf8 expression stable and will maintain its positive role in the expression of Pax2, En1,2 and Wnt1.
cells has been observed in neuroepithelial mouse explants, where Fgf8-beads induced Gbx2 as well. The induction was detected in E9.5 but not in E10.5 explants, suggesting that the potentiality of mesencephalic epithelium to express Gbx2 under the in¯uence of Fgf8-beads, disappears between E9.5 and E10.5. In addition the conserved effects in mouse explants have been shown to be different from the chick results, in which Fgf8 ectopic expression in the Gbx2 induced epithelium was not detected. We have never observed the formation of a homogeneous circular limit between the induced Gbx2 and repressed Otx2 domains. The Otx2 negative domain extended dorsally, in parallel with Gbx2 domain extension, but in most of the cases a negative band of epithelium separated the Gbx2 lateral limit of expression from the Otx2 limit of repression. An adjoining ectopic interface between Otx2 and Gbx2 in the explants is observed at the ventral side of the beads, but Fgf8 was never observed here either, suggesting a more mature state (maturation has a ventro-dorsal gradient) and the loss of potentiality to express Fgf8, or, alternatively, that dorsal in¯uences are necessary for this induction: Wnt1 may be possible candidate. Our interpretation is that a functional Otx2/Gbx2 limit is not generated at this ectopic localization. These results agree with the idea that a progressive molecular re-patterning process at the mid-hindbrain border cells is required, in a precise temporal and spatial sequence, for the positioning of the IsO and the induction of Fgf8 expression (Fig. 5 ).
Experimental procedures
Experimental implants in embryos
Chick embryos were staged according to the tables of Hamburger and Hamilton (1951) . Chick eggs were incubated in a forced air incubator until embryonic stage HH10±11.
Mouse embryos were obtained from pregnant mothers (Swiss) from the animal facility of our University. Brains of E9.5 and E10.5 mouse embryos were dissected from the head (to the level of the otic vesicles) opened from the dorsal midline and cultured as an open book (ventricle side up) on Polycarbonate membranes (Nunc, Cenmark) with DMEM (Gibco) containing 10% fetal bovine serum (Gibco).
Heparin acrylic beads were soaked in a solution of bFGF8 protein (R&D System, Minneapolis) in PBS (1 mg/ml), then after 60 min of incubation at 48C, the beads (Fgf8-beads) were inserted in embryos at different levels of the mesencephalic vesicle, experimental procedures were previously described (Crossley et al., 1996; . In all the experimental trials performed for the present study, PBS soaked beads were inserted as controls. All the Fgf8-beads were inserted immediately after several washes in cold PBS.
Histological and in situ hybridization analysis
Embryos were collected at the stages indicated and ®xed in 4% paraformaldehyde at 48C, the processed for in situ hybridization as described by Henrique et al. (1995) . Antisense riboprobes for in situ hybridization were prepared using previously published mouse and chick sequences: Fgf8 (Crossley et al., 1996) , Otx2 (from A. Simeone), Gbx2 (from A. Simeone). After transcripts detection the samples were post®xed 1 h in 4% paraformaldehyde, cryoprotected in sacarosse 30%, included in Tissue tek (Sakura, The Netherlands) and sectioned in cryostate at 14 micron thickness. Then the sections were dehydrated and coversliped with Eukitt (K, Freiburg).
